Atoms start behaving as waves rather than classical particles if confined in spaces commensurate with their de Broglie wavelength. At room temperature this length is only about one ångström even for the lightest atom, hydrogen. This restricts quantum-confinement phenomena for atomic species to the realm of very low temperatures [1] [2] [3] [4] [5] . Here, we show that van der Waals gaps between atomic planes of layered crystals provide ångström-size channels that make quantum confinement of protons apparent even at room temperature. Our transport measurements show that thermal protons experience a notably higher barrier than deuterons when entering van der Waals gaps in hexagonal boron nitride and molybdenum disulfide. This is attributed to the difference in the de Broglie wavelengths of the isotopes. Once inside the crystals, transport of both isotopes can be described by classical diffusion, albeit with unexpectedly fast rates comparable to that of protons in water. The demonstrated ångström-size channels can be exploited for further studies of atomistic quantum confinement and, if the technology can be scaled up, for sieving hydrogen isotopes.
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. This yields, for example, λ B H ≈ 1.45 Å and λ B D ≈ 1.02 Å for protons (H) and deuterons (D) at 300 K, respectively. With decreasing T, λ B grows and reaches the micrometre range at microkelvin temperatures. Such long λ B have been exploited in matter-wave experiments with ultracold atoms [1] [2] [3] . At more accessible cryogenic temperatures, quantumconfinement effects 4, 5 can also play a role in the adsorption [6] [7] [8] [9] and/ or diffusion 10, 11 of H 2 and D 2 molecules inside subnanometre pores of materials such as zeolites, carbon molecular sieves and metalorganic frameworks. These isotope effects, collectively known as quantum sieving 4, 5 , arise from the (physical) spatial confinement of atoms and molecules, which distinguishes them from chemical isotope effects that arise due to a difference in vibrational energies of isotopes within molecules 12 .
In this Letter, we investigate whether van der Waals (vdW) gaps between atomic planes of layered crystals can be used as naturally occurring ångström-scale channels for proton transport and whether they exhibit quantum sieving. The interlayer spacing in vdW crystals is accurately determined by X-ray analysis 13 . It is ∼ 3.34 Å for both hexagonal boron nitride (h-BN) and graphite, and ∼ 6.15 Å for molybdenum disulfide (MoS 2 ). These distances are notably larger than, for example, the above λ B for hydrogen isotopes.
However, the space between the atomic planes is densely filled with electron clouds surrounding the constituent atoms, which do not allow the planes to come any closer. It remains unknown whether there is any space left to allow interlayer permeation of atomic species including protons and deuterons at thermal (kT) energies. The interlayer transport has been studied in channelling experiments using accelerated protons and other particles 14, 15 . But the energies of these particles, typically in the megaelectronvolt range, translate into λ B values that are orders of magnitude smaller than the interlayer spacing, so quantum confinement effects play no role in this case. The possibility of thermal-proton transport through vdW gaps has not yet been explored.
To investigate the possibility of permeation of thermal protons and deuterons-nuclei of hydrogen isotopes-through vdW gaps, we have fabricated devices as described in Fig. 1 and in the Supplementary Information. Thin crystals of h-BN, MoS 2 or graphite (typically ∼ 500 nm thick) were placed to seal circular holes of radius r ≈ 10 μ m that were etched in free-standing silicon nitride (SiN x ) membranes. The assembly separated two compartments and was vacuum-tight ( Supplementary Fig. 1 ). Then the suspended crystal was plasma-etched into an inverted cup shape to provide interlayer channels connecting the compartments (Fig. 1a,b) . The channels had length L and their number was controlled by the height h, which determined the number of crystallographic planes exposed on both sides (Fig. 1) . The devices were coated with a thin (∼ 50 nm) Pd film, which ensured a good interface for proton transport (see Supplementary Information). Indeed, protons easily dissolve and diffuse in Pd (refs 16, 17 ) (also see below). The final assembly was covered on both sides with proton conducting polymer, Nafion 18 , and proton-injecting electrodes were attached for electrical measurements ( Supplementary Fig. 1 ). The devices were placed in a chamber with a 10% H 2 in Ar atmosphere at 100% humidity, which ensured both a high proton and a negligible electron conductivity of the Nafion 18 . If a voltage was applied between the electrodes, the protons injected into the Nafion diffused through it and the Pd film before encountering the vdW crystal under investigation (inset of Fig. 2a ). Therefore, a finite electrical current through the closed circuit was an unequivocal indication that hydrogen permeated through the vdW crystals. Our measurements could not distinguish whether it permeated in the form of charged protons/deuterons or neutral atoms because, in principle, a charged proton can acquire an electron from the environment or the two-dimensional crystal as it transports through. Both interpretations are possible, as shown for hydrogen transport through Pd films 19, 20 . Therefore, without loss of * generality, we discuss our results below in terms of proton/deuteron transport. Note that molecular hydrogen (H 2 ) cannot permeate through the vdW crystals and this was also ruled out experimentally (see the Conductance measurements section in the Supplementary Information). Figure 2a shows typical current-voltage (I-V) characteristics for our devices. These revealed a marked difference in the ability of protons to permeate through different layered crystals. In the case of h-BN and MoS 2 , the measured current I varied linearly with bias V, yielding the proton conductance G = I/V. For a fixed value of L, G was found to scale linearly with h, that is, the number of interlayer channels involved, as expected for our device geometry (Fig. 2b) . The conductance values for h-BN were an order of magnitude higher than for MoS 2 . On the other hand, within our accuracy limited by leakage currents of ∼ 0.1 pA, devices made from graphite exhibited no discernable conductivity for any combination of L and h. We emphasize that in all cases the finite G could be attributed only to transport through the interlayer spacing. Indeed, reference devices made from h-BN and MoS 2 but without etching (h ≡ 0), so that no interlayer channels were provided to connect the two compartments, exhibited no discernable conductivity. The latter observation also implies that vdW crystals are highly anisotropic with respect to proton transport and allow little permeation perpendicular to their atomic layers, in agreement with the previous reports 21, 22 . As another reference, we fabricated samples where the two compartments were separated by a thin (∼ 50 nm) Pd film but no crystal was placed in between. The measured G was ∼ 100 times higher than that of our most conductive h-BN devices (L = 0.5 μ m and large h). This proves that the Nafion and Pd layers contributed little to the measured overall resistance.
The measurements in Fig. 2a ,b clearly show that protons permeate easier along atomic planes of h-BN than MoS 2 . This is consistent with the activation energies found for the two materials. Indeed, the resistance of our devices exhibited an Arrhenius-type behaviour: R = 1/G ∝ exp(E/kT), where the activation energy E was found to be 0.45 ± 0.04 eV for h-BN and 0.6 ± 0.04 eV for MoS 2 (inset of Fig. 2b and Supplementary Fig. 2 ).
Focusing on our most permeable material, h-BN, we studied the dependence of its proton conductance on the channel length. Figure 2c shows that the measured resistance R increased only by a factor of ∼ 4 when L was increased 200 times. Crucially, unlike the h dependence in Fig. 2b , the L dependence did not extrapolate to zero in the limit of short L (Fig. 2c) . This behaviour clearly indicates that protons experience an entry barrier that gives rise to the entry resistance, R e , which dominates the permeation rate at short L. Given the 'entry' area involved in proton permeation, 2π rh, the barrier can be described by an areal resistivity ρ e = π rhR e . For h-BN at room temperature, extrapolating our resistance data in Fig. 2c to L = 0 yields ρ e ≈ 20 GΩ μ m 2 . For longer devices, the overall resistance has an additional contribution, R d , associated with proton transport along the interlayer spacing. For our disk geometry, R d is expected to depend logarithmically on L (dashed curve in Fig. 2c ). Analysis of this dependence, described in the Supplementary Information, yields the in-plane resistivity for protons inside h-BN, ρ d ≈ 7.5 GΩ μ m. Further information about the entry and in-plane permeation was gained by measuring their activation energies: E e and E d , respectively. Figure 2c shows that for L ≈ 0.5 μ m, the device resistance was completely dominated by R e . Therefore, the activation energy E = 0.45 ± 0.04 eV reported in the inset of Fig. 3 is de facto E e . Resistances of long devices (L ≈ 100 μ m), however, are dominated by R d . By measuring the T dependences for the latter devices and taking into account a small but finite T-dependent contribution arising from ρ e , we obtained E d = 0.26 ± 0.04 eV (see Fig. 3 and the Activation energies section of the Supplementary Information).
What are the physical mechanisms governing the entry and inplane resistivities? To answer this question we carried out isotopeeffect experiments in which protons were substituted with deuterons following the recipe described in ref. 22 (for details, see the section on Conductance measurements in the Supplementary Information). Let us first discuss the in-plane transport. We repeated the L-dependence measurements of Fig. 2c with h-BN but for deuterons. These showed that, for the same device, the in-plane resistivity ρ d D was notably higher than ρ d H (Fig. 4a) . This is consistent with the diffusion of classical particles, for which the diffusion rate is expected to be inversely proportional to √ m. Within our data scatter, this factor fully accounts for the observed difference between ρ d D and ρ d H . The classical interpretation is also consistent with our density functional theory calculations, which yielded a barrier of ∼ 0.2 eV, in good agreement with the observed E d ≈ 0.26 eV (Supplementary Information). Within this model, it is straightforward to understand the lower proton conductivity through MoS 2 and its complete absence for graphite. Indeed, previous experiments and calculations reported large activation energies for the diffusion of atomic hydrogen in graphite 23, 24 (∼ 0.4-1.1 eV), which should translate into exponentially smaller permeation rates. The diffusion barrier is predicted to be considerably smaller for MoS 2 (ref. 25 ), in agreement with our experiment. It is instructive to compare the diffusion constant for protons in h-BN, D h-BN , with those in other diffusion processes. From the found value of E e , we can estimate 4 the concentration of protons in h-BN as n h-BN ≈ n PdH exp(-E e /kT) where n PdH is the proton concentration in the Pd film. Because the Pd is immersed in a proton-conducting medium (Nafion in our case), n PdH is expected to rapidly reach membrane to separate two compartments so that no gas transport could occur between them. The crystal was then plasma-etched to expose interlayer channels connecting the compartments as shown in a. The entries and exits of the channels were coated with a thin Pd layer. c, Scanning electron microscope image of a cross-section of one of our h-BN devices. Scale bar, 5 μ m. The right half of the image has been false coloured to indicate different materials. In the unmodified (left) half of the image, the space above the assembly appears in white because a Pt layer was deposited on top, which was required to make the cross-sectional slice by focused-ion-beam milling. d, Energydispersive X-ray elemental analysis for the device in c; h-BN appears in green; SiN x in yellow. Scale bar, 500 nm. e, High-angle annular dark-field scanning transmission electron microscope image of the interface between h-BN and Pd. The imaged area is indicated in d. Scale bar, 50 nm. f, Highangle annular dark-field scanning transmission electron microscope image of h-BN planes, taken from the area indicated in e; the dark regions are vdW gaps. Scale bar, 5 nm.
Letters
Nature NaNotechNology its known saturation value of ~1% of the atomic fraction 17 . This yields n PdH ≈ 10 21 cm −3 and hence n h-BN ≈ 10
13
-10 14 cm
. The main uncertainty in estimating n h-BN arises from our limited accuracy (± 40 meV) in determining E e . The above estimate yields
, where e is the elementary charge. Such fast diffusion is consistent with the low activation energy for in-plane proton transport in h-BN. In fact, D h-BN is three orders of magnitude higher than typical diffusion constants for the intercalation of Li in graphite 26 , a process utilized in Li batteries, and comparable or even faster than the diffusion constant of thermal protons in water 27 (see the Diffusion constant section in the Supplementary Information).
Now we turn to the mechanism behind the entry barrier. Using our shortest devices (L ≈ 0.5 μ m), in which the entry resistance dominated, we found that ρ e D in h-BN was ∼ 40% smaller than ρ e H for protons ( Fig. 4b) : ρ e D < ρ e H . The same isotope effect was found for our MoS 2 devices, although in this case the difference was ∼ 20%. This isotope effect shows that deuterons face a lower entry barrier than protons and is in stark contrast with the effect observed for the in-plane transport where
The substantial difference in entry barriers can be attributed to quantum sieving 5 through the vdW gaps at the exposed h-BN edges.
The data in Fig. 4b allow us to estimate the effective width W of these gaps. Owing to the crystallographic confinement, the energy of both protons and deuterons should be shifted by E C H and E C D , respectively (inset of Fig. 4a) . Assuming a square-well confinement potential, we relate W to the zero-point energy E C H as
where m H is the proton mass. An equivalent formula applies for deuterium. To extract E C H from our experimental data, we note first that the ratio ρ e H /ρ e D is related to the entry barriers for protons (E e H ) and deuterons (E e D ) through the expression Fig. 4a ). This shift effectively reduces the quantum sieving effect in our devices as
e C Pd
Using the above formulas, we obtain
for h-BN and ~68 meV for MoS 2 . From the found confinement energy, we estimate the width of the vdW gaps as W ≈ 0.52 Å and 0.55 Å for h-BN and MoS 2 , respectively. These gaps are notably narrower than the de Broglie wavelenth of thermal deuterons (λ B D ≈ 1.02 Å) and up to around three times narrower than that for protons (λ B H ≈ 1.45 Å). This is consistent with both the large entry resistance ρ e for both isotopes and its higher value for protons than deuterons, as observed experimentally.
In conclusion, we demonstrate that interlayer gaps seen in TEM images of vdW materials (for example, Fig. 1f ) provide ångström-scale Fig. 2 ).
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Nature NaNotechNology channels that can distinguish between atoms and molecules with different de Broglie wavelengths. Furthermore, protons and deuterons are found to permeate through h-BN and MoS 2 remarkably quickly. So, based on our findings, it is reasonable to expect that there are many other vdW crystals that exhibit substantial in-plane proton conductivity at room temperature. The unexpectedly fast diffusion of protons along the interlayer channels probably involves quantum effects, similar to the case of proton transport in water 30 . Finally, it would be interesting to investigate whether vdW crystals can be combined with other materials that are considered to be promising for hydrogen sieving (for example, Pd films) to improve isotope separation technologies.
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